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Abstract. Interests in Cu-Cr sub-nanometer systems have been increasing due to the recently-
found icosahedral Cu12Cr cluster as a superatomic molecule, where the 3d-Cr and 4s-Cu 
electrons can phenomenologically form the 18-e molecular shell (1S
2
1P
6
1D
10
) of Cu12Cr. In this 
report, we set out to investigate the energetically-preferred geometries and stabilities of CunCr (n 
= 9÷11) clusters using the density-functional-theory calculations. It is found that not all of 3d-Cr 
electrons involve in the formation of the cluster shell and the remaining localized ones cause the 
magnetic moment of the clusters, which is different from what was believed. The calculated 
molecular diagram, natural orbital analysis, and spin-density computation are performed to 
elaborate our idea. 
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1. INTRODUCTION 
In the field of advanced materials science, artificial atomic assemblies with structure sizes 
below nanometers have recently been of a great interest due to their potential as building blocks 
for novel nanostructured materials [1-10]. The most fascinating feature of atomic clusters is the 
anomalous change of their geometric and electronic structures upon adding or removing only a 
single atom [11]. This interesting property is exploited to create sustainable superatoms with 
desired functionalities that can replace or outperform existing elements in the Periodic table. In 
this regard, doping of copper clusters with different atoms is expected to tailor the structural, 
electronic, catalytic, and magnetic properties for applications in materials science, solid states 
chemistry, microelectronics and nanotechnology [6-10, 12-20]. For instance, the electronic 
structure of scandium-doped copper cluster cations CunSc
+
 were investigated. The Cu17Sc cluster 
was found to be a superatomic molecule, Cu15Sc was found to be a stable cluster with a large 
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dissociation energy and a closed electronic structure, hence this can be regarded as a superatom 
[21]. The nucleation energy and reactivity descriptors of CunM (M=Ni, Pd, Pt; n = 1-4) 
bimetallic nanoparticles supported on MgO (111) surface have been studied by density 
functional theory method and compared to their gas phase counterparts [15]. The magnetic 
properties of small CunTM clusters (n = 3-7, 12; TM=Ru, Rh, Pd) have been studied. The 
magnetic of CunTM clusters are mainly affected by symmetry, coordination number and atomic 
distance [22]. The geometrical, electronic and magnetic properties of small CunFe (n = 1-12) 
clusters have been investigated by using density functional. The Cu7Fe cluster with a large 
energy gap (2.61 eV) can be perceived as a superatom [13].  
Recently, the investigation on CunCr clusters (n = 9-16) has found that Cu12Cr is 
exceptionally stable and chemically inert as a superatomic molecule [23]. The magnetic moment 
of CunCr clusters is governed mainly by the interaction between d-s valence orbitals of Cr and 
Cu atoms [23]. The magnetic moment of CunCr (n = 9-11) clusters can be understood by 
incompleting electronic shell configuration 1S
2
1P
6
1D
9
 for Cu11Cr, 1S
2
1P
6
1D
8
 for Cu10Cr, and 
1S
2
1P
6
1D
7
 for Cu9Cr. In this report, we perform a quantitative analysis on the molecular 
diagram and cluster-spin density in order to provide a deeper understanding on the magnetism 
origin of CunCr (n = 9-11) clusters. 
2. COMPUTATIONAL METHOD 
In order to study the CunCr clusters (n = 9-11) we use the method of density functional 
theory (DFT) which is implemented in the Gaussian 09 software [24, 25]. We have recalculated 
the optimized geometries of CunCr clusters (n = 9-11) using the BP86 functional with the basis 
sets cc-pvTZ-pp for Cu atom and cc-pvTZ for Cr atom to confirm the results presented in Ref. 
[23]. The previous investigation on ScCun clusters also indicated that results obtained by the 
BP86 functional are well-matched to experimental values [21]. The calculations are followed by 
frequency calculations to confirm the stationary structures are minimal. The electronic structure 
of CunCr global minima clusters were explored using the spin multiplicities, spin-density, the 
molecular orbital diagram and the natural orbital analysis of CunCr clusters. 
3. RESULTS AND DISCUSSION 
3.1. Optimized structures and spin multiplicities 
The most stable optimized structures of the CunCr clusters with n = 9-11 are illustrated in 
Figure 1. Firstly, the Gaussview program has been used to construct all possible structures of 
pure Cun clusters. Then a Cr atom has been added into the stable structures of the Cun clusters at 
different positions forming the CunCr clusters which are the input structures for the next 
optimization calculations. In the following, we denote each structure as n.x, in which n stands 
for number of Cu atoms in cluster CunCr and x in labeled as A, B, C and D for isomers with 
increasing order of energy. 
Cu9Cr. A lot of isomers have been found, including some low-energy isomers. In the first 
isomer quartet 9.A, the Cr atom is encapsulated by a pentagonal pyramid and three Cu atoms. 
This is the most stable isomer of Cu9Cr cluster. The quartet 9.B, doublet 9.C, and sextet 9.D 
have a slightly distorted form of 9.A with 0.43, 0.61 and 0.83 eV less stable than the ground 
state, respectively. 
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C2v, 3, 0.00 eV Cs, 3, 0.26 eV C1, 3, 0.37 eV C1, 5, 0.40 eV 
10A 10B 10C 10D 
 
  
 
C1, 2, 0.00 eV Cs, 4, 0.80 eV C1, 6, 1.51 eV  
11A 11B 11C  
Figure 1. The ground-state structures of CunCr (n = 9-11) clusters, and low-lying isomers for CunCr 
clusters. The point group, spin multiplicity, and energy difference compared to each ground state structure 
are given. The orange and violet balls represent Cu and Cr atoms, respectively. 
Cu10Cr. The triplet 10.A, the Cr atom is surrounded by a pentagonal pyramid and an 
opened four-member Cu4 string. With a relative energy of 0.26 eV, the next isomer 10.B is 
composed of a Cr atom encapsulated by a square pyramid and a five-number Cu5 ring. The 
isomer 10.C has an anti-prism form, located at 0.37 eV above the 10.A. Other low-lying energy 
isomers, the quintet 10.D is unstable with 0.40 eV above the ground state 10.A. 
Cu11Cr. The isomer 11.A in which the Cr atom captured by a pentagonal pyramid and a 
Cu5 five-member ring is the most stable isomer of Cu11Cr cluster. Two next isomers 11.B and 
11.C, having quartet and sextet states with a small distortion in geometry, are highly unstable. 
The cluster magnetic states are very stable. For Cu9Cr, the minimum energy required to 
switch the spin state (from quartet to doublet) is 0.61 eV. This value is 0.40 eV for Cu10Cr (from 
triplet to quintet) and 0.80 eV for Cu11Cr (from doublet to quartet) correspondingly. 
3.2. Electronic and magnetic properties 
 In the previous work, the spin states of CunCr (n = 9-11) clusters have been well explained 
by the phenomenological shell [23] in which six outermost valence electrons of Cr atom (3d
5
4s
1
) 
and n 4s
1
 valence electrons of Cu atoms are assumed to freely delocalize and jointly form a 
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molecular shell of the cluster. Taking that picture in mind, the quartet state of Cu9Cr can be 
understood in accordance to the particular electronic shell of 1S
2
1P
6
1D
7
 with three unpaired 
electrons. Similar to the cases of Cu11Cr and Cu10Cr, their electronic shell configuration are 
1S
2
1P
6
1D
9
 and 1S
2
1P
6
1D
8
, respectively. In order to quantitatively determine the origin of 
unquenched magnetic states, we perform the molecular diagram, local magnetic moments (LMM 
in B), electron configurations of Cr atom and density of state analysis for CunCr (n = 9-11) 
clusters. The results are shown in Fig. 2 and Table 1.  
  
  
  
Figure 2. Total/partial DOS (right) and the molecular diagrams (left) of  CunCr (n = 9-11) clusters are 
calculated at BP86/cc-pvTZ, cc-pvTZ-pp level of theory. The corresponding shapes of HOMO−LUMO 
are presented. 
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Table 1.  Electron Configurations Cr atom and Local Magnetic Moments (LMM in B). 
n Electron Configurations Cr atom LMM(Cr) LMM(Cun) 
-spin orbital -spin orbital 4s 4p 3d 4s 4p 3d 
9 [core]4s
0.28
3d
4.62
4p
0.77
5d
0.06 
[core]4s
0.21
3d
1.43
4p
0.69
5d
0.04
 0.1 0.0 3.2 -0.4 -0.2 0.2 
10 [core]4s
0.26
3d
4.57
4p
0.98
5d
0.06
 [core]4s
0.23
3d
2.15
4p
0.91
5d
0.04
 0.0 0.0 2.4 -0.5 -0.3 0.2 
11 [core]4s
0.25
3d
4.47
4p
1.19
5d
0.03
 [core]4s
0.24
3d
3.15
4p
1.15
5d
0.01
 0.0 0.0 1.4 -0.4 -0.3 0.2 
The results show that for both alpha and beta spin orbitals of Cr atom the occupancy of 3d-
Cr is major. The local magnetic moment of Cr atom gradually decreases from 3.2 B to 1.4 B 
and the total magnetic moment of clusters gradually decreases from 3 B to 1 B with increasing 
the size n from 9 to 11. In this Fig. 2, analyzing the total/partial DOS of n = 9-11 clusters shows 
that the 3d-Cr orbital contribution in the HOMO peak (at -4.6 eV) of CrCu9, CrCu10, and CrCu11 
clusters are 56.1 %, 53.2 % and 43.2 %, respectively. For all of the investigated ground-state 
structures, the total magnetic moment of the clusters in largely localized in the Cr atoms, and 
their unpaired 3d electrons govern the total magnetic moment of the clusters.  
It is surprising that the outermost (3d
5
4s
1
) valence electrons of Cr atom are not fully 
hybridized and entirely delocalized to form the molecular shell as expected. The molecular 
diagrams of all three considered clusters indicate a partial hybridization between 3d-Cr and 4s-
Cu electrons and interestingly, the molecular shell of 3d-Cr and 4s-Cu electrons and the atomic 
shell of 3d-Cr electrons both are coexisting. In particular, the Cr atom donates 3, 4, and 5 
valence electrons to the molecular shell of Cu9, Cu10, and Cu11 to form the electronic 
configuration 1S
2
1P
6
1D
4
, 1S
2
1P
6
1D
6
, and 1S
2
1P
6
1D
8
, respectively. The remaining 3, 2, and 1 
valence electron(s) are localized in the d-orbitals of the Cr atom.  
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Figure 3. Electronic shell fillings of CunCr (n = 9-11). The black, red and green columns in the electron 
shell filling diagrams represent the occupation of 1S, 1P and 1D shell, respectively. The occupation of the 
localized 3d Cr orbitals is given by the blue column. 
These localized electrons are unpaired causing the magnetic moment of the clusters while 
the delocalized electrons in the molecular shell are all paired like those in the pure Cu clusters. It 
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should be mentioned that the pure Cu clusters show a strong odd-even behavior in which the 
valence electrons prefer to exist in pairs rather than to fill the molecular orbital following the 
Hund’s rule as seen in individual atoms [26]. There is no singly occupied orbital found in the 
molecular shell since they are less stable (or require more energy) than the 3d-orbital of the Cr 
atom. This observation is also in a good agreement with the odd-even behavior of pure Cu 
clusters. 
The results from natural orbital analysis are summarized in Fig. 3 where the electronic shell 
fillings of CunCr (n = 9-11) are presented. It can be seen that when n goes from 9 to 11, the 
interior shells (1S and 1P) of the clusters are unaffected. Nevertheless, the number of electrons 
in the outer shell (1D) is varied as 4, 6, and 8, respectively, in an agreement with the above 
observation in molecular diagram. At the same time, the number of localized electrons in 3d-Cr 
orbitals is reduced as 3, 2, and 1, accordingly. The increment of 1D electrons simultaneously 
comes from 4s-Cu orbitals for added Cu atoms and 3d-Cr localized orbitals. 
 
Figure 4. Spin density (blue basin for spin-alpha) of the ground-state Cu10Cr cluster. 
As one should be agreed that the CunCr clusters (n = 9-11) possess a certain spin states. In 
the previous work [23], the results went to the same conclusion that the studied clusters exhibit a 
magnetic moment but the question about their magnetic origin has not been understood 
completely yet. By knowing where the unpaired electrons locate, in this report we could 
prejudge by our physical intuition that the unpaired electrons are on the 3d orbitals of Cr atom. 
This picture can be visualized by plotting the spin distribution of the obtained energy minima 
structures. As demonstrated in Fig. 4, the total spin mainly locates at the dopant position, in line 
with the above discussion. The exact electronic configurations of Cu9Cr, Cu10Cr, and Cu11Cr can 
be assigned as 1S
2
1P
6
1D
4
3dCr
3
, 1S
2
1P
6
1D
6
3dCr
2
, and 1S
2
1P
6
1D
8
3dCr
1
, respectively. 
4. CONCLUSIONS 
The method of density functional theory using the BP86 functional and cc-pvTZ, cc-pvTZ-
pp basis set have been employed to optimize geometrical structures following by frequency 
calculations of the clusters CunCr (n=9-11). Electronic energies, zero point energies, electron 
configurations and geometries of the clusters have been derived. The CunCr clusters (n = 9-11) 
possess high spin multiplicities and in this structure there is a superposition of the molecular 
magnetic shell that form mainly by partial 3d-Cr orbitals and the molecular electronic shell 
composed by partial 3d-Cr and all 4s-Cu orbitals.  We believe that this work will be useful for 
understanding the physics of magnetic impurities in noble metal clusters and could lead to a 
rational design of outperforming superatoms with a desired magnetic feature.  
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